Aims/hypothesis The TGF-β/MAD homologue (SMAD) and nuclear factor κB (NF-κB) signalling pathways have been shown to play a critical role in the development of renal fibrosis and inflammation in diabetic nephropathy. We therefore examined whether targeting these pathways by a kidney-targeting Smad7 gene transfer has therapeutic effects on renal lesions in the db/db mouse model of type 2 diabetes. Methods We delivered Smad7 plasmids into the kidney of db/db mice using kidney-targeting, ultrasound-mediated, microbubble-inducible gene transfer. The histopathology, ultrastructural pathology and pathways of TGF-β/SMAD2/3-mediated fibrosis and NF-κB-dependent inflammation were evaluated.
Introduction
Type 2 diabetes is a leading cause of end-stage kidney disease in the world due to diabetic nephropathy [1] [2] [3] , which features progressive renal fibrosis/sclerosis and inflammation as major pathogenic pathways [4] [5] [6] [7] [8] . Although many therapeutic approaches focusing on hyperglycaemia and high blood pressure have been used, numerous patients still suffer from progressive and severe renal injury [9] .
Anti-TGF-β monoclonal antibody [8] , TGF-β receptor [2] or TGF-β receptor inhibitor [10] have been shown to be of benefit in some mouse models of diabetic nephropathy as they prevent glomerulosclerosis. Besides, renal lesions in diabetic nephropathy have higher levels of TGF-β [11, 12] , while increasing evidence indicates a pathogenic role of TGF-β in the glomerulosclerosis that occurs with diabetic nephropathy [13] [14] [15] . However, although neutralisation of antibodies is effective in inhibiting TGF-β, thereby preventing renal fibrosis, it may also enhance the inflammatory response [8, 16] . By blocking the activation of MAD homologue (SMAD)2/3, SMAD7 can inhibit the TGF-β/ SMAD-mediated fibrosis-signalling pathway [17, 18] ; at the same time, SMAD7 blocks nuclear factor κB (NF-κB) activation by enhancing inhibitor of NF-κB (IκB)α production [19, 20] . Moreover, in our previous study, overexpression of Smad7 in the kidney inhibited the TGF-β/SMADmediated renal fibrosis pathway and NF-κB-driven inflammation [21] . This prompted us to evaluate the effects of the kidney-targeting route for delivery of Smad7 on the renal lesions associated with type 2 diabetes and to dissect the responsible mechanisms. In the present study, therefore, we delivered Smad7 plasmids into the kidney of the db/db mouse model of type 2 diabetes using a kidney-targeting, ultrasound-mediated, microbubble-inducible gene transfer [21] [22] [23] and demonstrated therapeutic effects on the renal fibrosis/sclerosis lesions and inflammation that are characteristic of diabetic nephropathy. These effects occurred via modulation of the SMAD2/3-mediated fibrosis and NF-κB-dependent pathways locally in the kidney, as well as by the reversal of ultrastructural alterations suggestive of intrinsic glomerular cell injury.
Methods
Animal model All animal experiments were performed with the approval of the Institutional Animal Care and Use Committee of The National Defense Medical Center, Taiwan, and were consistent with the NIH Guide for the Care and Use of Laboratory Animals. Male mutant C57BLKs/J db/db mice (mouse model of type 2 diabetes) and their normal littermates (db/m, wild-type) were purchased from Jackson Laboratory (Bar Harbor, ME, USA). The db/db mice were maintained on a standard laboratory diet and water before the study, with the exception of food removal for fasting blood glucose measurements. We used 12 db/db mice per group in disease and treatment groups, respectively, and 12 age-matched db/m mice as normal control. To determine the starting point of the therapeutic intervention, we demonstrated in a preliminary experiment that although our mouse model of type 2 diabetes developed hyperglycaemia and hyperglycosuria at the age of 6 to 8 weeks, urinary albumin did not start to appear until 34 weeks of age, suggesting late development of urinary albumin, compared with its earlier manifestation at 23 to 26 weeks as described elsewhere [24, 25] . We therefore began the gene transfer in db/db mice at the age of 32 weeks.
Organ-targeted, ultrasound-mediated, microbubble-inducible Smad7 gene transfer into the kidney Preparation of a mixture of doxycycline-regulated pTRE-m2Smad7-expressing plasmids and gene transfer into the kidney of mice using the ultrasound-mediated, microbubble-inducible gene transfer technique were done as described previously [21] . To determine the efficacy of ultrasound-mediated, microbubble-inducible gene transfer into the kidney of the mice, groups of six db/db mice were given a mixture of Smad7 plasmids (15 μg/g) and echocardiographic contrast microbubbles (Optison, Mallinckrodt, MO, USA) via the tail vein, followed immediately by ultrasound treatment. After ultrasound treatment, 200 μg doxycycline (Sigma, St Louis, MO, USA) was injected intraperitoneally, followed by the addition of doxycycline to the daily drinking water (200 μg/ml). The mice were killed at days 2, 7 and 14 after Smad7 gene transfer, and their kidneys collected for examination of Smad7 mRNA expression by real-time PCR and of SMAD7 abundance by western blot analysis and immunohistochemistry using the anti-FLAG m2 monoclonal antibody (FLAG m2) (see Electronic supplementary material [ESM] Fig. 1 and ESM Methods). Based on the data, Smad7 gene transfer was given every 14 days to maintain a high level of Smad7 expression within the kidney throughout the subsequent experiment. The db/db mice that received an empty vector only served as disease control (control type 2 diabetes mice). All mice were killed at week 38 on the fifth day after the last gene or empty vector transfer.
Clinical and histopathological evaluation Collection and assay of blood and urine samples were performed as described previously [21] . Urine albumin, urine creatinine, urine glucose and serum glucose were determined at the age of 6 weeks and every 2 weeks thereafter until 38 weeks, when the mice were killed. The concentration of urine albumin was examined by ELISA (Exocell, Philadelphia, PA, USA) and urine samples were individually adjusted for urine creatinine excretion (Wako Pure Chemical Industries, Osaka, Japan). Urine glucose was measured using a test strip (Siemens, Tokyo, Japan). Serum glucose was measured as described previously [26] . At 38 weeks, 10 μl serum per mouse was collected for the measurement of blood urea nitrogen (BUN) and creatinine using BUN and creatinine (the Jaffe reaction) kits (Fuji Dry-Chem Slide; Fuji Film Medical, Tokyo, Japan), respectively. Calibration with a blank run before each sample was done using an autoanalyser (5500V; Fuji Film Medical).
For histopathological examination, the tissues were fixed in 10% (vol./vol.) buffered formalin and embedded in paraffin. Sections (4 μm) were stained with haematoxylin and eosin and periodic acid-Schiff's reagent (PAS). Scoring of glomerular mesangial expansion and/or mesangial matrix increase was determined by quantitative image analysis software (Pax-it; Paxcam, Villa Park, IL, USA) as previously described [27] . Briefly, 20 glomeruli were randomly selected from each section and positive signals within the selected glomerulus were highlighted, measured and quantified as per cent positive area of the entire glomerulus.
Confocal microscopy, immunohistochemistry and detection of apoptosis For confocal microscopy, frozen sections were stained with guinea pig anti-nephrin (Acris Antibodies, Herford, Germany), rabbit anti-vascular endothelial growth factor (VEGF) (Santa Cruz, Santa Cruz, CA, USA), which is a marker of podocyte injury related to diabetic nephropathy [28] [29] [30] , or rabbit phosphorylated SMAD2/3 antibodies (Santa Cruz), followed by their relative secondary antibodies, rabbit anti-guinea pig Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA) and goat antirabbit phycoerythrin (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Sections were imaged on a laser scanning microscope (LSM510; Carl Zeiss, Weesp, the Netherlands) (laser intensity 20%, detector gain 600, amplifier offset 1). For detection of fibrosis/sclerosis related proteins and proinflammatory proteins, see ESM Methods. For the detection of apoptosis, TUNEL was used. Formalin-fixed tissue sections were stained using a kit (ApopTag Plus Peroxidase In Situ Apoptosis Detection kit; Chemicon, Temecula, CA, USA) according to the manufacturer's instructions. For scoring of the glomerular abundance, as determined by immunohistochemistry, of SMAD7, α-smooth muscle actin (α-SMA), collagen I, III and IV, monocyte chemoattractant protein-1 (MCP-1), nephrin, VEGF and FLAG m2, Pax-it quantitative image analysis software (Paxcam) was used as described above. The numbers of phosphorylated NF-κB p65-, phosphorylated SMAD2/3-, CD3-, F4/80-or TUNELpositive cells were counted in 20 consecutive glomeruli and expressed as cells/glomerular cross-section. Using light microscopy, we examined 20 randomly selected fields of the tubulo-interstitial compartment in the cortical area at a magnification of ×400 and expressed values as cells per field.
Real-time PCR analysis
The RNA of kidney, liver and spleen was extracted as described previously [21] . Realtime PCR was performed on a sequence detection system (ABI Prism 7700; Applied Biosystems, Foster City, CA, USA). The probes and primers of mouse β-actin
and Tgfb (Mm0441724_m1) were assay-on-demand gene expression products (Applied Biosystems). Real-time PCR reactions were performed using 10 μl cDNA, 12.5 μl TaqMan Universal PCR Master Mix (Applied Biosystems) and 1.25 μl of the specific probe/primer mixed in a total volume of 25 μl. The thermal cycler conditions were as follows: 2 min at 50°C, 10 min at 95°C, 40 cycles of denaturation (15 s at 95°C) and combined annealing/ extension (1 min at 60°C). The 2 ÀΔΔC t method was used to determine relative amounts of product using β-actin as an endogenous control. The average fold change is presented graphically.
Western blot analysis The concentration of cytoplasmic proteins was examined using a BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. We ran 50 μg of each sample on a 10% (wt/vol.) SDS-PAGE gel. The gel was electroblotted on to polyvinylidene difluoride nitrocellulose membrane (Amersham, Little Chalfont, UK), incubated for 1 h in blocking buffer (Tris-buffered saline containing 5% [wt/vol.] skimmed milk) and incubated overnight at 4°C with goat anti-SMAD7 (Santa Cruz), rabbit anti-SMAD3 (Zymed, South San Francisco, CA, USA), rabbit antiphosphorylated SMAD3 (Biosource, Camarillo, CA, USA) or goat anti-β-actin (Santa Cruz) antibodies. After washing, the membrane was incubated for 1 h at room temperature with horseradish peroxidase-conjugated rabbit anti-goat or goat anti-rabbit (Pierce, Rockford, IL, USA) antibodies. The membrane-bound antibody detected was incubated with chemiluminescent reagent plus (Perkin Elmer Life Sciences, Boston, MA, USA) and captured on x-ray film. Semi-quantitative analysis software (Bio-CAPT; ViLber, Lourmat, France) was used to evaluate the amounts of product.
ELISA TGF-β1 protein levels in renal tissue were measured using commercial ELISA kits (R&D, Minneapolis, MN, USA) according to the manufacturer's instructions. Briefly, protein samples were acidified with 1 mol/l HCl and neutralised with 1.2 mol/l NaOH/ 0.5 mol/l HEPES to assay the amount of TGF-β1. Absorbance was determined at 450 nm using an ELISA plate reader (Bio-Tek, Winooski, VT, USA). NF-κB p65 activation was measured in renal tissue nuclear protein extracts using Trans-AM ELISA assay kits (Active Motif, Carlsbad, CA, USA) according to the manufacturer's instructions. Nuclear proteins were extracted using a nuclear extract kit (Active Motif).
Electron microscopy Samples were fixed in a mixture of 4% (wt/vol.) paraformaldehyde and 0.5% (wt/vol.) glutaraldehyde in PBS, pH 7.4, and prepared as described previously [31] . Ultrathin sections were cut, placed on a nickel grid and then examined under an electron microscope.
Statistical analysis Values are presented as the mean±SEM.
Comparisons of urinary albumin, serum sugar, urinary glucose and the efficacy of Smad7 expression among groups were made with one-way ANOVA, with post hoc correction by Tukey's method. Comparison between two groups was performed using Student's t test. A value of p<0.05 was considered statistically significant.
Results
Urinary albumin and renal function At 34 weeks of age, control db/db mice developed a significantly higher, and thereafter continuously increasing urinary albumin/creatinine ratio than wild type (db/m) mice (Fig. 1a) . However, their counterparts treated with Smad7 gene transfer by a kidney-targeting, ultrasound-mediated, microbubbleinducible gene transfer technique showed a markedly decreased urinary albumin/creatinine ratio, compared with control. Compared with control, the Smad7-transferred db/db mice showed significantly reduced serum levels of BUN (Fig. 1b) and creatinine (Fig. 1c) (p <0.05 for both), although their creatinine levels remained high compared with wild-type mice. However, both groups of db/db mice (Smad7, control) revealed higher levels of serum glucose (Fig. 1d ) and urine glucose (Fig. 1e ) than wild-type mice.
Renal histopathology and ultrastructural pathology Light microscopy revealed that control db/db mice had diffuse mesangial expansion, scattered nodular sclerosis and occasional arteriolar hyalinosis, associated with scattered mononuclear leucocyte infiltration in the interstitium (Fig. 2a-g ), although the tubular compartment was largely intact compared with wild-type mice. However, these effects were substantially blunted in the Smad7-transferred db/db mice, but compared with wild-type mice, the former still revealed substantial mesangial expansion (Fig. 2c, f, g ) (p<0.05). Mounting evidence shows that apoptosis is present in various compartments of kidney in the db/db mouse model of type 2 diabetes, including podocytes, mesangial cells, endothelial cells and tubular epithelial cells [32] [33] [34] [35] . TUNEL analysis in renal tissues of mice showed significant suppression of apoptosis in the kidney of Smad7-transferred compared with control db/db mice at week 38 (p<0.005) (Fig. 2h-l) . Glomerular ultrastructure was examined by electron microscopy at 38 weeks when the mice were killed. Compared with wild-type mice (Fig. 2m) , we observed the following in control db/db mice: (1) focal, but intense villous transformation of the podocytes associated with intervening networks in the urinary space; (2) increased cytoplasmic vesicles; (3) scattered laminar bodies and focal fusion of foot processes; (4) thickening of the glomerular basement membrane; (5) enhanced mesangial matrix deposition; and (6) fibrillar aggregates or filamentous substance in the mesangium and podocytes (Fig. 2n) . In addition, endothelial cells of the diseased mice had markedly increased swelling in vesicles and cytoplasmic processes. However, the Smad7-transferred db/db mice showed much fewer abnormal changes in podocytes or m Electron microscopy of wild-type (WT, db/m), (n) control db/db mice and (o) Smad7-transferred db/db mice showed (in white dashed frame) (n) podocytes (PDC) with villous transformation. Scale bars 2 μm, original magnification electron microscopy ×6,000. Arrows, foot processes; CL, capillary lumen; BM, glomerular basement membrane endothelial cells, although thickening of the glomerular basement membrane was present (Fig. 2o) .
Abundance of nephrin and VEGF in podocytes The effects of Smad7 gene transfer on podocytes was further evaluated by confocal laser scanning microscopy to determine the correlation of nephrin (a podocytes marker) and VEGF abundance in the kidney, because these proteins have major implications for the pathogenesis of diabetic nephropathy. As shown in Fig. 3 , although control db/db mice revealed significantly enhanced glomerular VEGF abundance in podocytes (19.7±10.5%) compared with wild-type mice (3.2±1.8%) (p<0.01), their Smad7-transferred counterparts showed only faint staining of the protein in podocytes (5.6±0.2%) compared with control (p<0.01). In contrast, the latter group (Smad7-treated) showed a significant increase of nephrin protein in the glomerulus (32.8±1.5%) compared with control mice (22.7±0.2%) (p<0.05), although control db/db animals had less nephrin protein in the glomeruli than wild-type mice (39.9±1.4%) (p<0.05).
Renal fibrosis/sclerosis-related gene expression and protein abundance Renal fibrosis/sclerosis-related gene expression was detected to determine the mechanisms responsible for Smad7 gene therapy in this mouse model of type 2 diabetes. As shown in Fig. 4a , Smad7 gene transfer resulted in significantly enhanced Smad7 mRNA expression in the kidney, as detected by real-time PCR, compared with wildtype or control db/db mice (p<0.01 for both), confirming the Smad7-derived favourable effects on renal lesions in treated db/db mice. There was no significant difference in Smad7 mRNA in liver and spleen among Smad7-transferred and control db/db mice, or in wild-type mice (liver: wild-type 1.1±0.5-fold change, control db/db 1.2±0.4-fold change, Smad7-transferred db/db 1.2±0.2-fold changes; spleen: wild-type 1.0±0.2-fold change, control db/db 0.7± 0.3-fold change, Smad7-transferred db/db 0.8±0.3-fold change), suggesting that one advantage of this kidneytargeting gene delivery method could be the fewer potential side effects in important organs such as the liver and the spleen. Although the expression of several fibrogenic markers in the kidney was upregulated in the control db/db mice, including Ctgf (Fig. 4b) , α-Sma (Fig. 4c) , Col-I (Fig. 4d) , Col-III (Fig. 4e) and Col-IV (Fig. 4f) , Smad7 gene transfer induced a dramatic suppression of these genes in the kidney of their Smad7-transferred counterparts (p<0.05 for each). The Smad7-transferred mice showed significantly enhanced SMAD7 levels diffusely in glomerular cells and tubular epithelial cells, compared with control db/db mice (Fig. 4g, h, ESM Fig. 2a) . A striking accumulation of α-SMA (Fig. 4i, ESM Fig. 2b) , and collagen I (Fig. 4j, k, ESM Fig. 2c), III (Fig. 4l, m, ESM  Fig. 2d ) and IV (Fig. 4n, o, ESM Fig. 2e ) in the kidney of control db/db mice was demonstrated by immunohistochemistry, whereas renal SMAD7 levels remained lower (Fig. 4g, h,  ESM Fig. 2a) . Again, these effects were greatly inhibited by the kidney-targeting Smad7 gene therapy in Smad7-transferred mice, which had moderate renal SMAD7 levels.
Blocking of TGF-β/SMAD2/3 signalling is a key mechanism by which kidney-targeting Smad7 gene transfer inhibits renal fibrosis and inflammation We next investigated the mechanisms by which SMAD7 inhibited renal fibrosis/sclerosis in the mouse model of type 2 diabetes. As shown in Fig. 5a , b, renal expression of Tgfb1 mRNA and abundance of TGF-β1 protein were significantly upregulated in control db/db mice compared with wild-type mice, as demonstrated by real-time PCR and ELISA (p<0.05 for both). However, Smad7-transferred db/db mice revealed significantly suppressed expression of Tgfb1 mRNA and its encoded protein (p<0.05 for both). Western blot analysis, moreover, showed greatly enhanced SMAD7 abundance in Smad7-transferred db/db mice compared with wild-type or control db/db mice (p<0.01 for both) (Fig. 5c, d ). Although phosphorylation of SMAD3 was significantly enhanced in control db/db compared with wild-type mice (p<0.01) (Fig. 5c, d ), this effect was greatly abrogated by the administration of Smad7 plasmids in db/db mice (p<0.01). We performed immunohistochemistry to confirm the levels of phosphorylated SMAD2/3 protein in renal tissues. Smad7-transferred db/db mice revealed significantly lower numbers of cells with nuclear phosphorylated SMAD2/3 in Fig. 3 Podocyte-related protein abundance in the glomerulus from wild-type (WT), control db/db and Smad7-transferred db/db mice. Immunofluorescence staining of glomeruli with anti-VEGF (red) and anti-nephrin (green) antibodies using confocal laser scanning microscopy. Original magnification ×800. Arrows indicate double positive staining. Images are from a representative experiment on a group of 12 mice the kidney than their control counterparts (p <0.005) (Fig. 5e, f, ESM Fig. 3 ). Confocal staining showed that Smad7-transferred db/db mice had less renal nuclear phosphorylated SMAD2/3 in podocytes (Fig. 5g) than control db/db mice.
It is well established that proinflammatory cytokines can be produced and secreted within the kidney before or after nephritogenic insults [1, 7] , and that high blood sugar can cause renal tissue injury and release proinflammatory cytokines in db/db mice [9, 33] . As shown by real-time PCR, Smad7-transferred db/db mice showed significantly reduced mRNA levels of Inos (Fig. 6a), Il1b (Fig. 6b) and Mcp1 (Fig. 6c) in the kidney compared with their control counterparts (p <0.05 for each). Immunohistochemical analysis detected significantly lower levels of MCP-1 in the kidney of Smad7-transferred db/db than in control db/db mice (p<0.05) (Fig. 6d, e, ESM Fig. 4a) . Moreover, renal macrophages (F4/80) (Fig. 6f, g, ESM Fig. 4b) were significantly inhibited by the transfer of Smad7 in db/db mice compared with control. As NF-κB plays a crucial role in initiating inflammation in the kidney with glomerulonephritis, we evaluated the activation of NF-κB in the kidney by immunohistochemistry. Compared with control db/db mice, the Smad7-transferred counterparts showed markedly reduced NF-κB p65 levels in the nuclei of the glomerular cells and renal tubular epithelial cells (p<0.005) (Fig. 6h, i,  ESM Fig. 4c ). This effect was confirmed by ELISA. Although significantly increased nuclear NF-κB p65 protein levels were observed in control db/db compared with wild-type mice, Smad7 gene transfer resulted in a substantial reduction of nuclear NF-κB p65 protein in Smad7-transferred db/db mice (Fig. 6j) . These findings suggest that kidney-targeting Smad7 gene transfer resulted in suppressed renal inflammation at least in part via inhibition of renal NF-κB activation in the Smad7-transferred animals.
Discussion
Smad7 plasmids were introduced into the kidney of the db/db mouse model of type 2 diabetes via kidney-targeting, controllable, ultrasound-mediated, microbubble-inducible gene transfer. This caused improvements in: (1) proteinuria and renal function impairment; (2) glomerular mesangial expansion and glomerular sclerosis; (3) focal interstitial mononuclear leucocyte infiltration; and (4) ultrastructural levels of podocyte and endothelial cell injury. These improvements occurred although the severity of hypercholesterolaemia and blood/urine sugar in the Smad7-transferred and control db/db mice was similar at 38 weeks of age. Our data support the concept that organ-targeting Smad7 gene therapy may have therapeutic effects on the renal fibrosis/sclerosis and inflammatory lesions of diabetic nephropathy, mainly by inducing local production of SMAD7 protein in the kidney, thereby avoiding potential systemic effects from the administration of Smad7 plasmids.
The anti-inflammatory process resulting from kidneytargeted Smad7 gene transfer may play an important role in exerting the kidney-protective effect of the procedure [21] [22] [23] 26] . We previously demonstrated that overexpression of Smad7 blocked the renal inflammatory pathway that is dependent on NF-κB activation, thereby inhibiting production of proinflammatory cytokines (e.g. IL-1β, IL-6), adhesion molecules/chemokines (e.g. intercellular adhesion molecule 1, MCP-1) and inducible nitric oxide synthase (iNOS), as well as mononuclear leucocyte infiltration (e.g. CD4 + cells and macrophages) [21] . In the present study, although scattered infiltration of macrophages in the renal interstitium was observed in the db/db mouse model of type 2 diabetes, this effect was clearly prevented by Smad7 gene transfer. This suggests that kidney-targeted Smad7 gene therapy can have potential for the treatment of the renal interstitial inflammation associated with type 2 diabetes. Although it remains unclear whether the advantage resulted from a direct effect, we believe that the route of Smad7 gene transfer using a kidney-targeting, ultrasound-mediated microbubble system with resultant optimal levels of SMAD7 production locally in the kidney could account for the beneficial effects.
Chen et al. [26] have shown that SMAD7 plays a renoprotective role, while Wang et al. [36] have also demonstrated the effects of Smad3 knockout as mimicking anti-TGF-β therapy in a model of type 1 diabetes. Here, we have also shown the therapeutic values of kidney-targeting gene therapy for type 2 diabetes, including the favourable effects on podocyte injury and glomerular ultrastructural alterations, suggesting that improvements in intrinsic cells of the glomerulus could be a mechanism driving the SMAD7-mediated reno-protective effects in the development and progression of diabetic nephropathy.
Several glomerular ultrastructural features in the fully developed stage of diabetic nephropathy in the db/db mouse model of type 2 diabetes have been recognised and have pathogenic implications in the progression of glomerular lesions in type 2 diabetes. These include thickening of the glomerular basement [24, 37] and alterations of podocytes such as increased length of foot processes [37, 38] and multiple focal foot process effacement [25, 39] . We have now added an additional characteristic ultrastructural feature, namely focal but intense villous transformation, detected in db/db mice by electron microscopy, in addition to focal foot process effacement and projections of the endothelial cell focally in the glomerular tuft area along with microvesicular changes. In the present study, kidneytargeting Smad7 gene transfer significantly prevented these ultrastructural alterations in endothelial cells and podocytes (Figs 2 and 3) at the dose used throughout the experiment. However, Schiffer et al. [32] demonstrated that SMAD7 is an amplifier of apoptosis in cultured podocytes carrying an adenovirus encoding Smad7, and acts through caspase-3-and TGF-β-independent mechanisms. Further investigation to determine the pathogenic pathway in our mouse model of type 2 diabetes is warranted. However, the mechanisms responsible for the favourable effects of Smad7 gene therapy on glomerular intrinsic cells in the db/db mouse model of type 2 diabetes remain unclear. It would therefore be worth further dissecting major and direct pathogenic mechanisms, such as pathways involving angiotensin II [40] , connective tissue growth factor [41, 42] and prostaglandin E2 [43] .
Blockade of the TGF-β-mediated fibrosis pathway via administration of adenoviral dominant TGF-β receptor can suppress mesangial matrix deposition and fibrosis of kidney in a streptozotocin-induced model of type 1 diabetes [2] , but this kind of therapeutic module may incur an enhanced inflammatory response, and renal injury has been reported in treatment based on neutralising TGF-β antibodies [8] . In the present study, Smad7 gene transfer was shown to inhibit mesangial expansion in the glomerulus of Smad7-transferred db/db mice, but no such undesired inflammatory response in the kidney was observed at the dose of Smad7 plasmids used throughout the experiment.
Wilms tumour 1 (WT-1) has been found to regulate nephrin, suggesting that nephrin acts downstream of WT-1 [44] . It would be worth evaluating WT-1 abundance to determine the colocalisation of nuclear protein and podocyte, although some reports have revealed that nephrin might be a more representative marker of the glomerular filter than other podocyte molecules [45, 46] .
It should be noted that the kidney-targeting Smad7 transfer alone was not able to completely restore renal function and renal pathology to normal in our study. In addition, we observed no significant effects of the treatment on serum or urinary levels of glucose in Smad7-transferred db/db mice. In this regard, hyperglycaemia has been shown to activate various pathways [47] , and evokes mitochondrial dysfunction and renal injury [48] . These effects might account for the incomplete remission of kidney injury in the Smad7-transferred db/db mice, although further investigation on this particular aspect is necessary. Although we demonstrated that blocking of SMAD2/3 activation, NF-κB activation and MCP-1 production in the kidney was associated with the potential mechanisms responsible for the effectiveness of Smad7 transfer, we did not address by functional studies their relative importance in contributing to the final outcome.
